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1
REFERENCE CELL SCHEME FOR MRAM

The present invention 1s a divisional application that claims

priority under 35 U.S.C. §120 from U.S. patent application
Ser. No. 11/284,299, filing date Nov. 21, 20035, now U.S. Pat.

No. 7,321,507, 1ssued Jan. 22, 2008, incorporated herein by
reference 1n 1ts entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This mvention relates generally to memory cells, array
structures for memory cells, and methods for writing and
reading the memory cells. More particularly, this invention
relates to magnetic random access memory (MRAM) cells,
array structures for MRAM cells, and methods for writing
and reading MRAM cells. Even more particularly, this inven-
tion relates to MRAM array cells employed as reference
devices for determining a data state retained within an
MRAM data cell.

2. Description of Related Art

As shown 1n FIGS. 1q and 15, a memory array 1s generally
tormed of groups of MTJ cells 10 1n columns and rows. Each
MTJ cell 10 has an MTJ device 15 for retaiming digital data as
an orientation of the magnetic fields within the MTJ device
15. Each MTJ device 15 1s formed of two layers of magnetic
material 16 and 18 1solated from each other by a tunnel barrier
17. The free magnetic layer 18 1s adjoined to the bit line 25.
The bit line 235 conducts the cell current I__,; 35 such that the
magnetic field developed by the cell current 1. 35 1n the bat
line 25 and the row write cell current 1 , 40 1n the row write line
conductor 30 determine the magnetic orientation of the free
magnetic layer 18 and thus determine the state of digital data
within the MT1J cell 15. The write line 30 1s close proximity to
the MT1J cell 15. The write line 30 conducts a row write cell
current I, 40 1n one direction. The magnetic orientation of the
fixed magnetic layer 16 1s determined during manufacturing
of the MT1J device 15.

The fixed magnetic layer 16 1s adjoined to a conductor 45
that 1s connected to the drain of an 1solation transistor M,
20. The source of the 1solation transistor M., 20 1s connected
to the ground reference point. The gate of the 1solation tran-
sistor M., 20 1s connected to a read word line RWL

In the write operation of the MT1J cell 10, the direction of

conduction cell current I __,, 35 determines the magnetic ori-
entation of the free magnetic layer 18 and thus the digital data
state retained by the MTJ cell 10. During the write process,
the read word line RWL 350 deactivates the 1solation transistor
M, ., 20 to prevent current conduction.

The read operation 1s 1llustrated in FIG. 15. The read word
line RWL 50 1s set to a state to activate or turn on the 1solation
transistor M,., 20. The cell current I__,, 55 1s passed through
the bit line 235, through the M1 device 15, and the 1solation
transistor M,., 20 to the ground reference point. The mag-
netic orientation of the free magnetic layer 18 as compared to
the magnetic orientation of the fixed magnetic layer 16 deter-
mine the resistance of the MTJ device 15.

FI1G. 2 shows the schematic diagram of the MRAM cell 10
with the MTJ device 15 and the 1solation transistor M, 20
serially connected. The read word line RWL 50 controls the
activation and deactivation of the 1solation transistor M, 20.
The bit line 25 1s relative to the free magnetic layer 18 as
described above for writing the free magnetic layer 18 and for

reading the MT1 cell 10.
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Referring now to FIG. 3 for a more detailed description of 65

the read operation of the prior art. A group of MRAM cells 10
are organized 1 rows and columns to for an MRAM array 5.

2

The bit lines 25 are connected such that they adjoin the free
magnetic layers of each MT1J device 15 of each MRAM cell
10 of a column. The write line WL 30 and the read word line
RWL 50 are connected for each row of the MRAM cells 10.
The write line WL 30 being adjoined to the MTJ device 15 of
cach of the rows of MRAM cells 10 for writing selected MTJ
devices 15 of each of the rows of the MRAM cells 10. The
read word line RWL 50 connected to control the activation
and deactivation of the 1solation transistor M., 20 of each
row of the MRAM cells 10.

During a read operation, the cell current 1. 55 passes
through the selected MRAM cell 10. The cell current I __,, 35
develops a across the MTJ device 15 which 1s a first input to
the sense amplifier 60. A voltage that 1s developed at the
second 1put of the sense amplifier 60 1s a reference voltage
V. for determining the state of the digital data retained by
the MRAM cell 10. The reference voltage V .. 1s developed
across the MRAM reference cell 65. The data voltage V 15
compared with the reference voltage V. to determine the

digital data retained by the MRAM cell 10.

The MRAM reference cell 65 1s formed of the series/
parallel combination of MT1J devices 67a and 675 that are
magnetized to have a minimum resistance and the MTJ
devices 69a and 69b. This series/parallel combination of the
MTIJ devices 67a, 67b, 69a, and 69b 1s equivalent to the
mid-point resistance of the maximum and mimmum resis-
tances of the MTJ devices 67a, 675, 69a, and 695. The refer-
ence bit line 70 conducts a reference current I,... 75 through
the MR AM reference cell 65 to develop the reference voltage
V .. at the second 1nput of the sense amplifier 60.

“A 16 Mb MR AM Featuring Bootstrapped Write Drivers”,
DeBrosse, et al., Digest of Technmical Papers, 2004 Sympo-
stum on VLSI Circuits, June 2004 pp.: 434-457 describes a
cell, architecture, and circuit techniques unique to multi-Mb
MRAM design, including a novel bootstrapped write driver
circuit. The 16 Mb MR AM uses three-Cu-level CMOS with a
three-level MRAM process adder and features a X16 asyn-
chronous SRAM-like interface.

U.S. Pat. No. 6,816,403 (Brennan, et al.) describes a
capacitively coupled sensing apparatus for cross point
MRAM devices. The apparatus establishes an offset voltage
ol a sense amplifier. The sense amplifier 1s selectively coupled
to a selected bit line within the MRAM device. The selected
bit line 1s in communication with an MRAM cell to be read. A
read current 1s applied through the MR AM cell to be read, and
a reference current 1s applied through the selected bit line. A
signal voltage 1s sensed on the selected bit line. The signal
voltage 1s generated in response to the read current and the
reference current. The signal voltage 1s coupled to an mnput of
the sense amplifier, wherein the sense amplifier provides an

offset corrected output retlective of the data state of the
MRAM cell.

U.S. Pat. No. 6,845,037 (Han) teaches a reference cell that
produces a voltage rise on a bit line that 1s proportional to, and
preferably half of, the voltage rise on another bit line pro-
duced by a thinly capacitively coupled thyristor (TCCT)
based memory cell in an “on” state. The reference cell
includes a negative differential resistance (NDR) device. A
gate-like device 1s disposed adjacent to the NDR device and a
first resistive element 1s coupled between the NDR device and
the bit line. A second resistive element 1s coupled between a
sink and the bit line. Resistances of the first and second
resistive elements are about equal and about twice as much as
the resistance of a pass transistor of a TCC'T based memory
cell.

U.S. Pat. No. 6,711,068 (Subramanian, et al.) illustrates a

memory with a sensing scheme that maintains impedance
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balance between the route that the data takes to the sense
amplifier and the route the reference or references take to the
sense amplifier. Each sub-array of the memory has an adja-
cent column decoder that couples data to a data line that 1s
also adjacent to the sub-array and may be considered part of
the column decoder. The data for the selected sub-array 1s
routed to the sense amplifier via 1ts adjacent data line. The
reference that 1s part of the selected sub-array 1s coupled to the
data line of a non-selected sub-array. Thus the reference,
which in the case of a MRAM type memory 1s preferably in
close proximity to the location of the selected data, traverses
a route to the sense amplifier that 1s impedance balanced with
respect to the route taken by the data.

U.S. Patent Application 2004/0001360 (Subramanian et
al.) provides an MRAM that has separate read and write
paths. Switchable current mirrors, each having multiple
series-connected stages, recerve a common reference current.
A timing circuit provides control signals to word and bit
decoders and to the switchable current mirrors to selectively
complete current paths through a predetermined write word
line and a predetermined write bit line. Bit lines are connected
together at a common end, and word lines are connected
together at a common end. By precharging a common rail
having multiple write bit lines connected together, the write
noise immunity 1s improved and current spikes are mini-
mized. Groups of bit lines may be connected via a metal
option to adjust a transition time of a programming current.

U.S. Pat. No. 6,754,123 (Perner, et al.) details a sensing
circuit for determining the logic state of each memory cell 1n
a resistive memory array. Each memory cell in the resistive
memory array has current control 1solation. The logic state of
cach memory cell can be determined relative to a reference
cell having a pre-selected logic state. The sensing circuit
includes a memory cell sensing circuit to determine a bias
voltage of a memory cell. A reference cell sensing circuit
determines a bias voltage of a reference cell. An 1solation
circuit applies an 1solation voltage to turn oif a current control
clement associated with each unselected memory cell. An
adjusting circuit makes the bias voltage on the memory cell
approximately equal to the bias voltage on the reference cell.
A state determining circuit determines the logic state of the
memory cell.

U.S.Pat. No. 6,791,887 (Hung, et al.) relates to a ssmplified
reference current generator for a MRAM memory. The refer-
ence current generator 1s positioned 1n the vicinity of the
memory cells of the MRAM, and applies reference elements
which are the same as the magnetic tunnel junctions of the
memory cell and bear the same cross voltages. The plurality
of reference elements are used for forming the reference
current generator by using one or several bit lines, and the
voltage which 1s the same as the voltage of the memory cell 1s
crossly connected to the reference elements so as to generate
a plurality of current signals; and a peripheral IC circuit 1s
used for generating the plurality of midpoint reference cur-
rent signals and judging the data states. The midpoint refer-
ence current signals permit multiple-state memory cells,
including the 2-states memory cell, and allow more accurate
reading of the data.

U.S. Pat. No. 6,791,890 (Oo1sh1) describes a data read
circuit that produces read data 1n accordance with a difference
between currents flowing through first and second nodes,
respectively. In a data read operation, a current transmitting,
circuit and a reference current generating circuit pass an
access current corresponding to a passing current ol a
selected memory cell and a predetermined reference current
through first and second nodes, respectively. In a test mode, a
current switching circuit passes equal test currents through
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4

the first and second nodes 1nstead of the access current and the
reference current, respectively. Thereby, offset of the current
sense amplifier in the data read circuit can be evaluated.

SUMMARY OF THE INVENTION

An object of this mvention i1s to provide an MRAM
memory reference cell sub-array to provide a mid-point ref-

erence current to a plurality of sense amplifiers associated
with an MRAM array.

Another object of this invention 1s to provide groups of data
MRAM sub-arrays mto which MRAM memory reference
cell sub-array are interspersed such that data from one group
of the MRAM sub-arrays 1s compared to the mid-point ret-
erence current of an MRAM reference sub-array of another
group.

Even another object of this mvention 1s to provide for
programming the MRAM reference sub-arrays using an
external field generating source.

Further, another object of this invention 1s to provide a
method for programming pairs of columns of MRAM
memory reference sub-arrays are programmed by conducting,
a programming current on one column in one direction and on
a second column 1n an opposite direction simultaneously.

To accomplish at least one of these objects, an MRAM
reference cell sub-array has a plurality of MRAM cells
arranged 1n rows and columns. The MRAM reference sub-
array has a plurality of bit lines, each bit line associated with
a free magnetic layer of each MRAM cell of a column of the
plurality of MRAM cells. A coupling connects the bit lines of
pairs of the columns of the plurality of MRAM cells together
at a location proximally to the sense amplifiers. The MRAM
cells of a first column of the pair of columns of the plurality of
MRAM cells are programmed to a high magneto-resistive
state and a second column of the pair of columns of the
plurality of MRAM cells are programmed to a low magneto-
resistive state. When one row of MRAM cells 1s selected for
reading, two of the MRAM cells are placed in parallel to
generate the mid-point reference current.

The MRAM reference cell sub-array further includes a
plurality of write word lines, each write word line associated
with one row of the plurality of MRAM cells. A current
source provides a write word line current for programming,
cach MRAM cell of a selected row of the MRAM cells. Each
of the plurality of write lines 1s connected to a gate of a select
transistor between the current source and the write word lines.
When the select transistor 1s activated, the word line current 1s
transierred on said write word line of each of the MR AM cells
on the selected row.

Each MRAM cell of the MR AM reference cell sub-array 1s
programmed by selectively conducting the word line current
through each of the write word lines. The free magnetic layer
of each MR AM reference cell of a column pair of the MRAM
reference cell sub-array i1s programmed by 1solating the plu-
rality of MR AM cells from the plurality of sense amplifiers. A
free layer programming current 1s conveyed in a desired
direction on the bit lines of the first column of each of the pairs
of columns of MRAM cells. The free layer programming
current 1s then transferred through the coupling to each bit
line of the second column of the pairs of columns of MRAM

cells to flow 1n an opposing direction to program an MRAM
reference cell on the second column associated with the
selected MR AM retference cell of the first column of MRAM
reference cells. The programming of each of the MRAM cells
1s completed by terminating the free layer programming cur-
rent, terminating the word line current, and reconnecting each
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of the plurality sense amplifiers to communicate with each 1ts
associated column of MRAM cells.

An alternate to the programming of the plurality of MRAM
cells 1s started by 1solating the plurality of MRAM cells from
the plurality of sense amplifiers. A magnetic field having a
desired orientation 1s placed 1n close proximity to the plural-
ity of MRAM cells. The desired orientation being equivalent
to the orientation of the magnetic field created by the word
line current. The free layer programming current 1s conveyed
in a first direction on each bit lines of the first column of the
pairs of columns of MRAM cells. The free layer program-
ming current 1s then transferred through the coupling to each
bit line of the second column of the pairs of columns of
MRAM cells. The programming of each of the MRAM cells
1s completed by terminating the magnetic field then the bat
line current and reconnecting each of the plurality sense
amplifiers to communicate with each 1ts associated column of
MRAM cells.

The MRAM reference cell sub-array further has a plurality
of read word lines. Each read word line 1s connected to acti-
vate an 1solation transistor of each MRAM cell of arow of the
plurality of MRAM cells.

The programming of each of the MR AM cells 1s verified by
first 1solating the plurality of MRAM cells from the plurality
of sense amplifiers. Each column of the columns of the plu-
rality of MRAM cells 1s then biased. An activation signal 1s
applied to the read word line of each row of the plurality of
MRAM cells. A current passing through each pair of columns
of the columns for each row of the MRAM cells 1s then
measured and the current passing through each pair of col-
umns 1s determined 11 1t 1s equivalent to a normal current. IT
the current passing through each pair of columns 1s not
equivalent to the normal current, the MRAM cells are then
reprogrammed until the current through the each of the
MRAM cells of each column i1s equivalent to the normal
current.

In a second embodiment of this invention, an MRAM cell
sub-array has a plurality of MRAM cells arranged 1n rows and
columns. Each of a plurality of bit lines 1s associated with a
free magnetic layer of each MRAM cell of a column of the
plurality of MRAM cells. A coupling connects the bit lines of
at least one pair of the columns of the plurality of MRAM
cells together at a location proximally to the sense amplifier to
form a reference column pair of MRAM cells. The reference
column pair of MRAM cells provides a mid-point reference
current to a plurality of sense amplifiers associated the
MRAM cell sub-array. One of the pairred MRAM cells of the
pair ol columns 1s programmed to a high magneto-resistive
state and the other of the paired MRAM cell of the pair or
columns 1s programmed to a low magneto-resistive state such
that when one row of MRAM cells are selected for reading,
two of the MRAM cells are placed 1n parallel to generate the
mid-point reference current. In reading data from selected
MRAM data cells of a selected MRAM cell sub-array, the
MRAM data cells containing the digital data are resident 1n a
different group from its associated MRAM cell sub-array
containing reference column pair of MRAM cells that pro-
vide said mid-point reference current to the associated sense
amplifiers.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1a and 15 are cross sectional diagrams of an MRAM
cell of the prior art.

FIG. 2 1s a schematic diagram of an MRAM cell.

FIG. 3 1s schematic diagram of the read circuit, with a
reference voltage generator of prior art.
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FIG. 4 1s a schematic diagram of a first embodiment of an
MRAM cell sub-array of this invention.

FIG. 5 1s a schematic diagram of an MR AM reference cell
sub-array of this invention.

FIG. 6 1s a block diagram of an MRAM array of this
invention.

FIGS. 7a and 75 are schematic diagrams of the read circuit,
with a reference current generator of this invention.

FIG. 8 1s schematic diagram of a second embodiment of an
MRAM sub-array of this invention including column pairs of
the MRAM reference cells of this invention.

FIG. 9 1s a block diagram of an MRAM array of this
invention including the second embodiment of an MRAM
sub-array FIG. 8.

FIG. 10 1s a schematic diagram of the read circuit, with a
reference current generator of the second embodiment of this
invention.

FIG. 11 1s a flowchart of the method for reading an MRAM
array of this invention.

FIG. 12 1s a flowchart of the method for programming
MRAM reference cell block of the MRAM array of this

invention.

FIG. 13 1s a diagram for programming the MRAM refer-
ence cell using a magnetic field of this invention.

FI1G. 14 1s a flowchart of the method for verifying program-
ming of the MRAM reference cells of this invention.

DETAILED DESCRIPTION OF THE INVENTION

The MRAM data cell sub-array 100 of this invention 1s
illustrated 1n FIG. 4. The MRAM memory cells 105 are
organized in rows and columns. Each MRAM memory cell
105 1s structured and functions as described 1n FIGS. 14 and
15. Each column of the MRAM memory cells 105 has a bit
line 107a, 1075, . . ., 107r-1, 107% placed such that the bit
line 107a, 1075, . . ., 107n-1, 107% 1s adjoined to the free
magnetic layer of each of the MRAM memory cells 105.
Similarly, each row of the MRAM memory cells 105 has
write line 109a, 1095, . .., 109m-1, 109 placed such that the
write line 109q, 1095, . . ., 109m—1, 109 1s 1n close prox-
imity to each of the MRAM memory cells 105.

One end of each bit line 1074, 1075, . . ., 107n-1, 107 15
connected to a source of a Block Read/Write Select transistor
110a,1105, . ..,110n-1,110%. Atthe opposite end of each bit
line 1074, 1075, . ..,107n-1, 1077 1s connected to a drain of
a Block Write Select transistor 115q, 11554, . . ., 115n-1,
115#. The drains of the Block Read/Write Select transistors
110a, 1105, ..., 110%-1, 110#% are each connected to one of
the Read/Write Lines 130 and the sources of the Block Write
Select transistors 115q, 11556, . . ., 115x-1, 1151 are each
connected to one of the Write Lines 135. The Block Read/
Write Select Line 120 1s connected to each gate of the Block
Read/Write Select transistors 110a, 11054, ..., 1107-1, 110
and the Block Write Select Line 125 1s connected to each gate

ofthe Block Write Select transistors 115q, 11554, ..., 1151n-1,
115n.
One end of all of the write lines 109a, 1095, . .., 109m-1,

109 are connected to the source of the Block Select transis-
tor 145. Each of the opposing ends of the write lines 109a,
10956, . ..,109m-1, 109m 1s connected to a drain of a Row
Write Select transistor 155aq, 1555, . . ., 155m-1, 155m. The
drain of the Block Select transistor 145 1S connected to the
Row Current Source 140. The gate of the Block Select tran-
sistor 145 1s connected to the Block Select Line 150. The
sources of each of the Row Write Select transistors 1554,
1556, . . ., 155m-1, 155m are connected to the ground
reference point. Each of the gates of the Row Write Select
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transistors 155aq, 15554, ..., 155m-1, 155m 1s connected to a
Row Write Select Line 160a, 1605, ..., 160m—-1, 160. The
Block Select Line controls the activation and deactivation of
the Block Select transistor 145 to control the flow of the row
write cell current from Row Current source 140 through a
selected row of the MRAM memory cells 105. The Row
Write Select Line (WWL) 160a, 1605, . . ., 160m-1, 160m
control the activation and deactivation of the Row Write
Select transistors 155a, 1555, . . ., 155m-1, 155m to steer the
row write cell current from the Row Current source 140
through the selected write line 1094a, 1095, . . ., 109m-1,
109#:.

Each row of the MRAM memory cells 105 has a Read
Word Line 165a, 1655, .. ., 165m-1, 165m connected to the
gate of the 1solation transistor of each of the MRAM memory
cells 105. The Read Word Lines 165a, 16554, . . ., 165m-1,
165m control the activation and deactivation of the 1solation
transistors of each of the MRAM memory cells 105 with the
selected row of the MRAM data cell sub-array 100 being
activated during a read operation to conduct the read current
from the associated bit lines 107a, 10756, . . ., 107»-1, 107n
through the M'TJ device of the selected MRAM memory cells
105.

Writing cells within a row or column of the MRAM

memory cells 105 1s accomplished by setting the state of the
Block Read/Write Select Line 120 to turn on the Block Read/

Write Select transistors 110a, 11054, ...,110»2-1, 110 for the
entire block. Similarly, the state of the Block Write Select
Line 125 1s set to turn on the Block Write Select transistors
115a, 11554, . . ., 115»-1, 115#. A cell write current 1s
transferred between the read/write lines 130 and the write
lines 135. The direction of the cell current being determined
by the state of the digital data being written.

To complete the setting of the magnetic orientation 1n the
selected MRAM memory cell(s) 105, the state of the Block

Select Line 150 1s set to turn on the Block Select transistor
145 to allow the row write cell current of the Row Current
source 140 to flow through a selected write line 109a,
1095, . ..,109m-1, 109m. The state of a selected Row Write
Select Line 160q, 1605, . . .,160m-1, 1601 1s set to turn one
of the Row Write Select transistors 155q, 15554, ..., 155m-1,
155m to allow the row write cell current to flow through the
selected write line 1094, 1095, . . ., 109m-1, 109m. The row
write cell current and the column write cell current sets up the
magnetic fields that sets the magnetic orientation of the free
layer of the selected MRAM memory cell(s) 105. If both the
row write cell current and the column cell current do not pass
through the appropnate selected MRAM memory cells 105,
the magnetic orientation of the cell 1s not modified. Both the
row write cell current and the column cell current must flow
for the modification of the magnetic orientation of the
selected MRAM memory cell(s) 105.

The read operation of selected MRAM memory cell(s) 105
the MRAM data cell sub-array 100 1s accomplished by setting,
the state of the Block Read/Write Select Line 120 to turn on
the Block Read/Write Select transistors 110a, 1105,
11072-1, 1102 for the entire block. The state of the Block
Write Select Line 125 1s set to turn off the Block Write Select
transistors 115a, 11554, . . ., 115»-1, 115#. The state of the
Read Word Line 1654, 1655, ..., 165m-1, 165# 1s set to turn
on the 1solation transistor of each of the selected row of
MRAM memory cells 105. A cell 1s set on the read/write lines
130 to the bitlines 107a,1075, . . ., 107r-1, 1077 and thus to
the row of selected MRAM memory cells 1 05 and through the
selected MRAM memory cells 105. The cell bias voltage
causes a current to pass through the MTJ device of the
selected MRAM memory cells 105. The current developed by
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the bias voltage across the M TJ device of the selected MRAM
cells 1s sensed by a sense amplifier whose operation 1s
described hereinaftter.

Retfer to FIG. 5 for a discussion of the MRAM reference
cell sub-array 200 of this invention. The MRAM memory
cells 205 are organized in rows and columns. Each MRAM
memory cell 203 1s structured and functions as described in
FIGS. 1a and 1. Each column of the MRAM memory cells
205 has a bit line 207q, . . ., 207z and 208aq, . . ., 208% placed
such that the bit line 2074, . . ., 2077 and 208a, . . ., 208~ 15
adjoined to the free magnetlc layer of each of the M{AM
memory cells 205. The columns of the MRAM memory cells
205 are divided 1n pairs. The bit lines 207a, . . . , 2077 and
208a, ..., 208n of the paired columns of the MRAM memory
cells 205 are coupled together with the bridging connection
270. One of the parred MRAM memory cells 205 of one
column of the paired columns of the MRAM memory cells
205 1s programmed to have a magnetic orientation to have a
high magneto-resistive state and the second of the paired
MRAM memory cells 205 of the second column of the paired
columns of the MRAM memory cells 203 1s programmed to
have a magnetic orientation to have a low magneto-resistive
state. The MRAM memory cells 205 of each column of the
paired columns of the MRAM memory cells 205 are selec-
tively programmed to either the high magneto-resistive state
or the low magneto-resistive state. Its paired neighboring
MRAM memory cell 205 1n the adjacent paired column will
have the opposite magneto-resistive state.

Each row of the MRAM memory cells 205 has write line
2094a,2090b,...,209m-1, 209m placed such that the write line
209a, 2095, .. .,209m-1, 209 1s 1n close proximity to each
of the MRAM memory cells 205.

Oneendofeachbitline207a, ...,2077and 2084, ..., 208~
1s connected to a source of a Block Read/Write Select tran-
sistor211a,...,211rzand 212a, ..., 212n. Atthe opposite end
of each bit line 2074, . . ., 207» and 208a, . . ., 208% 1s
connected to a drain of a Block Write Select transistor
215qa, .. .,215r and 216a, . . ., 216%. The drains of the Block
Read/Write Select transistors 211a, . . . ., 211» and
212a, ..., 212» are each connected to one of the Read/Write
Lines 230 and the sources of the Block Write Select transis-
tors 215a, . ..,215n and 2164, . . ., 216#% are each connected
to one of the Write Lines 235. The Even Block Read/Write
Retference Select Line 220 1s connected to each gate of the
Block Read/Write Select transistors 212a, . . ., 212#» that are
connected to the bit lines 2084, . . . , 208% adjoined to the
second column of each of the pairs of MRAM memory cells
205. The Odd Block Read/Write Reference Select Line 222 1s
connected to each gate of the Block Read/ Write Select tran-
sistors 211a, . . ., 211» that are connected to the bit lines
207a, . .., 207» adjoined to the first column of each of the
pairs of MRAM memory cells 205.

The Odd Block Write Reference Select Line 225 1s con-
nected to each gate of the Block Write Select transistors
215a, . . ., 215x that are connected to the bit lines 207a, .
207n adjomed to the first column of each of the pairs of
MRAM memory cells 205. The Even Block Write Reference
Select Line 227 1s connected to each gate of the Block Write
Select transistors 2164, . . ., 216# that are connected to the bit

lines 208a, . . ., 208% adjoined to the second column of each
of the pairs of MRAM memory cells 205. The Even Block

Read/Write Reference Select Line 220, Odd Block Read/
Write Retference Select Line 222, Odd Block Write Reference
Select Line 225, and the E

Even Block Write Reference Select

Line 227 are used to respectively activate the each bit line
207a,...,207n and 208a, . . . , 208 1s connected to a source
of a Block Read/Write Select transistors 211a, ..., 211# and
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212a, . . ., 212» and the Block Write Select transistor
215a,...,215zand 2164, . . ., 216% for sclecting the MRAM
reference cell sub-array 200

One end of all of the write lines 209a, 2095, .. ., 209m-1,
209m are connected to the source of the Block Select transis-

tor 245. Fach of the opposing ends of the write lines 209a,
2095, ..., 209m-1, 2091 1s connected to a drain of a Row

Write Select transistor 255a, 25554, . . ., 255m-1, 255m. The
drain of the Block Select transistor 245 1s connected to the
Row Current Source 240. The gate of the Block Select tran-
sistor 245 1s connected to the Block Select Line 250. The
sources of each of the Row Write Select transistors 255a,
255b, . . ., 255m-1, 255m are connected to the ground
reference point. Each of the gates of the Row Write Select
transistors 255a, 2555, ..., 255m-1, 255m 1s connected to a
Row Write Select Line 260a, 2605, . . ., 260m—-1, 260m. The
Block Select Line controls the activation and deactivation of
the Block Select transistor 245 to control the flow of the Row
Current Source 240 through a selected row of the MRAM
memory cells 205. The Row Write Select Line 260a,
2605, ..., 260m-1, 260m control the activation and deacti-
vation of the Row Write Select transistors 255a, 25554, . . .,
255m—-1, 255m to steer the reference current from the Row
Current Source 240 through the selected write line 209aq,
2095, ...,209m-1, 209m.

Each row of the MRAM memory cells 205 has a Read
Word Line 265a, 2655, ... ,265m-1, 265m connected to the
gate of the 1solation transistor of each of the MRAM memory
cells 205. The Read Word Lines 265a, 26554, . . ., 265m-1,
265m control the activation and deactivation of the 1solation
transistors of each of the MRAM memory cells 205 with the
selected row of the MRAM data cell sub-array 200 being
activated during a read operation to conduct the read current
from the associated bit lines 207a, . .., 2077 and 2084, . . .,
208n through the MTJ device of the selected MRAM memory
cells 205. The reading and writing operations using the
MRAM reference cell sub-array 200 as shown will be
explained hereinatter.

An array of the MRAM memory cells 1s shown 1n FIG. 6.
Groups of the MRAM data cell sub-arrays 100 are collected
together to form an upper MR AM array block 300 and a lower
MRAM array block 303. Each of the upper and lower array
blocks 300 and 305 has at least one MRAM reference cell
sub-array 200 placed centrally within the upper and lower
array blocks 300 and 305. The MRAM data cell sub-arrays
100 ofthe Upper MRAM array block 300 are connected to the
Upper Write Lines 310 and the Upper Read/Write Lines 315.
The Upper Write Lines 310 and the Upper Read/ Write Lines
315 are structured and function as described above 1n FIG. 4.
Similarly, the MRAM reference cell block 200 of the Lower
MRAM array block 305 are connected to the Lower Write
Lines 3235 and the Lower Read/Write Lines 320. The Lower
Write Lines 325 and the Lower Read/Write Lines 320, also,
are structured and function as described above 1n FIG. 5.

The Upper Read/Write Lines 315 and Lower Read/Write
Lines 320 are connected to the sense amplifiers 330 which
detect the digital data state of the selected MRAM cells of a
selected MRAM data cell sub-array 100. The MRAM refer-
ence cell sub-array 200 of the opposing lower array blocks
305 1s applied to the sense amplifier 330 to generate the
reference current used to determine the digital data state of the
selected MRAM cell of the selected upper array blocks 300.
The digital data as recovered by the sense amplifiers 330 1s
transierred to the data drivers 360 for transfer and the output
data 365 to external circuitry. The digital data may be a single
bit, or the digital data may have an eight bit, sixteen bit, or
thirty-two bit digital data width.
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The address bus 335 provides a digital address word that 1s
decoded to select the location of the MR AM array containing
the desired digital data. The address bus 335 1s connected to
the word line decoder 350 and the column decoder sections
375a, 375b, 375¢, and 375d. The read/write control line 345
and the clock lines 340 provide the digital timing and control
signals to the control decoder 355. The control decoder 355
provides the necessary timing and control signals to the word
line decoder 350, the column decoder sections 375a, 3755,
375¢, and 3754, and the upper and lower array blocks 300 and
303 to generate the signals for activating a selected MRAM
data cell sub-array 100 and its associated MRAM reference
cell sub-array 200 for reading the desired digital data or for
writing to the selected MRAM data cell sub-array 100.

An example of the control and data flow for reading digital
data from an upper MRAM array block 300 1s shown 1n FIG.
7a 1n conjunction with FI1G. 6. An MR AM data cell sub-array
100 from the upper MRAM array block 300 1s selected for
retrieving digital data. When the upper MRAM array block
300 1s chosen the MRAM reference cell sub-array 200 of the
lower MRAM array block 305 1s automatically associated
with the selected MR AM data cell sub-array 100. The column
decoder sections 375 band 375¢ decode the incoming digital
address word to determine the selected MRAM data cell
sub-array 100. The column decoder sections 3756 and 3735¢
then activate the Upper Read/Write Lines 313 associated with
the selected MRAM data cell sub-array 100 and sets the
Block Read/Write Select Lines 120 to activate the Block
Read/Write Select transistor 110a and 1105 to connect the
column of the MRAM cells of the selected MRAM data cell
sub-array 100 to the Upper Read/Write Lines 315.

The Word Line decoder 350 decodes the incoming address
word to determine the row of the MRAM data cell sub-array

100 from which the digital data 1s to be read. The word line
decoder 350 activates the Read Word Line 165a, 1655, . . .,
165m—-1, 165m for the desired row to be read. As noted above
the Read Word Line 1654, 16554, .. .,165m—-1, 165m activates
the 1solation transistor of each MRAM cell on the selected

row such that the current applied to the Upper Read/Write
Lines 315 conducts through the MTJ of the selected MRAM

cells. The Control Decoder 355 further deactivates the Block
Write Select Line 125 to disconnect the Upper Write Lines
310 from the bit lines of the selected MRAM data cell sub-
array 100.

When the column decoder section 375¢ then activates the
Upper Read/Write Lines 315 associated with the selected
MRAM data cell sub-array 100 and sets the Block Read/
Write Select Lines 120 to activate the Block Read/Write
Select transistor 110a and 1105 to connect the column of the
MRAM cells of the selected MRAM data cell sub-array 100
to the Upper Read/Write Lines 315, the Lower Read/Write
Lines 320 are also activated and the Block Even Read/Write
line 220 and the Block Odd Read/ Write Line 222 are activated
to turn on the Block Read/Write Select transistors 211a and
212a. The Lower Read/Write Lines 320 are thus connected to
the columns of the MR AM reference cell sub-array 200. The
Word Line decoder 350 activates the selected Lower Read
Word Line 265a, 2655, . , 265m-1, 265m to turn the
1solation transistor of the M'{AM cells of the selected row of
the MRAM reference cell sub-array 200.

The first column of the MRAM data cell sub-array 100 and
the first column of the MRAM reference cell sub-array 200
are respectively connected through the Upper Read/Write
Line 315a and the Lower Read/Write Line 320q to the sense
amplifier 400a. Similarly, the second column of the MRAM
data cell sub-array 100 and the second column of the MRAM
reference cell sub-array 200 are respectively connected
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through the Upper Read/Write Line 3155 and the Lower
Read/Write Line 3205 to the sense amplifier 40056. The sense
amplifier gating transistors 405a and 407a control the appli-

cation of the voltage developed across the MTJ device of the
selected MRAM cell of the column of MRAM cells of the

MRAM data cell sub-array 100 and the parallel M'TJ devices
of the paired columns of MRAM cells of the MRAM refer-
ence cell sub-array 200 to the sense amplifier 400a. Corre-
spondingly, the sense amplifier gating transistors 4035 and
4075 control the application of the voltage developed across
the MTI device of the selected MRAM cell of the column of
MRAM cells of the MRAM data cell sub-array 100 and the
parallel MTJ devices of the paired columns of MRAM cells of
the MRAM reference cell sub-array 200 to the sense amplifier
4006.

Referring to FIG. 756, the internal switching bias voltage
V = .o turns the sense amplifier gating transistors 405a, 4055,
407a, and 4075 on to be 1n deep saturation to keep the source
node voltage of the sense amplifier gating transistors 403a,
405b, 407a, and 407b at the desired biasing voltage level
necessary for conduction of the MTJ devices of the MRAM
cells of the MRAM data cell sub-array 100 and the MRAM
reference cell sub-array 200. Each of the Upper Read/Write
Lines 31354 and 31355 are respectively set to the biasing volt-
age levels Vg, o, 420a and V5, , ., 420b. The biasing voltage
levels V5, , o, 420a causes the sense current I ooy 422a and

V49, 4200 causes the sense current ooz, 4226 to tlow
through the bit lines of the columns of the MRAM data cell

sub-array 100 to the selected row of the MRAM cells. The
resistance of the MTJ of the selected row of MRAM cells
determines the sense currents I oznror 422a and Ioprror, 4220,

The Lower Read/Write Lines 320a and 3206 are respec-
tively set to the reference biasing voltage levels V..., 4254
and V. - 425b. The reference biasing voltage levels Vo
425a causes the reference current I, ... ,427aand V... 42355
causes the reference current I, . 427 b to tlow through the bat

lines of the columns of the MRAM reference cell sub-array
200 to the selected row of the MRAM cells. The resistance of

the MTJ of the selected row of MRAM cells determines the
reference currents I, 427a and 1. 427b.

Assuming MTJ devices of the first column of the pair of
columns of the MR AM reference cell sub-array 200 are pro-
grammed to have the free magnetic layer have an opposing
magnetic orientation to the fixed magnetic and thus have a
higher resistance and the MTJ devices of the second column
of the pair of columns of the MRAM reference cell sub-array
200 are programmed to have the free magnetic layer have an
aligned magnetic orientation to the fixed magnetic and thus
have a lower resistance, the current I, ,.,., of the first column
has a lower magnitude than the current I, ,,, of the second
column. The coupling 270 of the paired columns of the
MRAM reference cell sub-array 200 causes each of the ret-
erence currents I, .-, 427a and 1, .- 427b to be essentially
one half of the sum of the currents 1,,,,., and I,,.,, or the
average of the two currents I, ,-and I, ..

The reference currents 1., 427a and 1,..... 427b act as
the reference input currents for the sense amplifiers 400a and
40056. The sense currents I coror; 422a and [ czror 4225 are
respectively applied to the sense amplifiers 400a and 4005.
The sense amplifiers 400a and 4006 are differential amplifi-
ers that compare the sense currents I .oy 422a and I oo
422b with the reference currents 1, .-, 427a and 1, ... 4275
to determine the digital data state of MRAM cells at the
outputs 4154 and 4155 of the sense amplifiers 400a and 4005.

The Upper Read/Write Lines 315 are disconnected from
external circuitry by External Connection gating transistors
409a and 4095 and the Lower Read/Write Lines 320 are

10

15

20

25

30

35

40

45

50

55

60

65

12

disconnected from external circuitry by External Connection
gating transistors 409¢ and 4094. The function of the .

External
Connection gating transistors 409a, 4095, 409¢, and 4094 1s
explained hereinafter.

In a second embodiment of the MRAM sub-array 600 of
this invention, as shown 1n FI1G. 8, groups of the MRAM cells
500 are organized in rows and columns to form an MRAM
sub-array 600. The columns 510 of MRAM cells are desig-
nated for the retention of the digital data in each cell 500 of the
columns 510. The MRAM cells of atleast one pair of columns
515 are separated as reference MRAM cell columns. The
columns of the pair of reference MR AM cell columns 515 are

connected together with the bridging connection 580 similar
to the bridging connector 270 of the MRAM reference cell
sub-array 200 of FIG. 5. The bit lines 507q, ..., 507;, . . .,
507» are adjoined to the free magnetic layer of the MTJ
devices of each column of the MRAM cells 500 of the
MRAM sub-array 600.

One end of each odd bit line 507a, . .., 5077 1s connected
to a source of a Read/Write Column Select transistor
520q, ..., 520n and one end of each even bit line 508a, . . .,
5087 1s connected to a source of a Read/Write Column Select
transistor 521a, . . ., 521xn. The opposite end of each odd bit
line 507a, . .., 507n 1s connected to a drain of an Odd Block
Write Column Select transistor 535q, . . . 535# and the oppo-
site end of each and each even bit line 508a, . . ., 508#% 1s

connected to a drain of an Even Block Write Column Select
transistor 536a, . . . 536». The drains of the Read/Write
Column Select transistor 520a, . .., 520z and 521a, ...,521n
are each connected to one of the Read/Write Lines 530 and
the sources of the Odd Block Write Column Select transistor
535a, . .., 535# and the Even Block Write Column Select
transistor 536aq, . . ., 536# are each connected to one of the
Write Lines 345. Each of the Read/Write Even Data Column
Select Lines 522aq, . . ., 322 1s connected to each gate of the
Read/Write Column Select transistor 521a, . . ., 521» that are
connected to the even designated bit line 508a, . . . , 508
adjoined to the second column of each of the pairs of M'{AM
memory cells 300 of pairs of the data columns 510. Each of
the Read/Write Odd Data Column Select Lines 523q, . . .,
523 1s connected to each gate of the Read/Write Column
Select transistor 520aq, . . ., 520% that are connected to the odd
designated bit line 507q, . . . , 507» adjoined to the first
column of each of the pairs of MRAM memory cells 500 of
pairs of the data columns 510.

The Read/Write Even Reference Column Select Line 5244
1s connected to the gate of the Read/Write Column Select
transistor 521; that 1s connected to the bit line 508; adjoined to
the second column of each of the pairs of MRAM memory
cells 500 of the pair of reference columns 515. Similarly, the
Read/Write Odd Reference Column Select Line 5245 1s con-
nected to the gate of the Read/ Write Column Select transistor
5207 that 1s connected to the bit line 507; adjoined to the first
column of each of the pairs of MRAM memory cells 500 of

the pair of reference columns 515. Within the reference col-
umns 315 of the MRAM sub-array of MRAM memory cells

500, one of the pairs of MRAM memory cells 500 of one of
the columns of the paired columns 515 of the MRAM
memory cells 500 1s programmed to have a magnetic orien-
tation to have a high magneto-resistive state and the MRAM
memory cells 500 o the second column of the paired columns
515 of the MRAM memory cells 500 1s programmed to have
a magnetic orientation to have a low magneto-resistive state.
The MRAM memory cells 300 of each column of the paired
columns 515 of the MRAM memory cells 500 are selectively
programmed to either the high magneto-resistive state or the
low magneto-resistive state. Its paired neighboring MRAM
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memory cell 500 1n the adjacent paired column 515 will have
the opposite magneto-resistive state.

Each of the Write Odd Data Column Select Lines
537a, . .. 337n 1s connected to each gate of the Write Column
Select transistors 535a, . . ., 535» that are connected to the
odd designated bit lines 507q, . . . , 507» adjoined to the first
column of each of the pairs of columns 510 of MRAM
memory cells 500. The Write Even Data Column Select Line
538a,...,538n1s connected to each gate of the Write Column
Selecttransistor 536a, . . ., 536 that are connected to the even
designated bit lines 508q, . . . , 5308% adjoined to the second
column of each of the pairs of columns 510 of MRAM
memory cells 500.

The Write Odd Retference Column Select Lines 5394 1s
connected to the gate of the Write Select transistor 5357 that 1s
connected to the bit line 507/ adjoined to the first column of
cach of the pair of columns of MRAM memory cells 500 of
the reference columns 515. The Write Even Reference Col-
umn Select Lines 5395 1s connected to the gate of the Write
Select transistor 336/ that 1s connected to the bit line 508;
adjoined to the second column of each of the pair of columns
of MRAM memory cells 500 of the reference columns 515.

Each row of the MRAM memory cells 500 has write line
509a,5090b, .. .,509m-1, 509m placed such that the write line
509a, 5095, . . ., 5309m-1, 509 1s 1n close proximity to each
of the MRAM memory cells 500. Further, one end of all of the
write lines 509a, 5095, . .., 509m-1, 509m are connected to
the source of the Block Select transistor 350. Each of the
opposing ends of the write lines 509a, 5095, . . ., 509m-1,
509 1s connected to a drain of a Row Write Select transistor
560a,5605, ...,560m—-1,560#. The drain of the Block Select
transistor 550 1s connected to the Row Current Source 5355.
The gate of the Block Select transistor 5350 1s connected to the
Block Select Line 575. The sources of each of the Row Write
Select transistors 560a, 5605, . . ., 560m-1, 560 are con-
nected to the ground reference point. Each of the gates of the
Row Write Select transistors 560a, 56054, . .., 560m-1, 560m
1s connected to a Row Write Select Line 565a, 5655, . . .
565m—1, 565m. The Block Select Line controls the activation
and deactivation of the Block Select transistor 550 to control
the flow of the Row Current Source 555 through a selected
row of the MRAM memory cells 500. The Row Write Select
Line 565a, 5655, . . ., 565m-1, 565m control the activation
and deactivation of the Row Write Select transistors 560a,
5605, ...,560m-1, 560m to steer the word line current from
the Row Current Source 355 through the selected write line
509a, 509b, . . ., 509m-1, 509m.

Further, each row of the MRAM memory cells 500 has a
Read Word Line 570a, 57054, . . ., 570m-1, 570m connected
to the gate of the 1solation transistor of each of the MRAM
memory cells 500. The Read Word Lines 570a, 5705, . . .,
570m—-1, 570m control the activation and deactivation of the
1solation transistors of each of the MRAM memory cells 500
with the selected row of the MRAM data cell sub-array being,
activated during a read operation to conduct the read current
from the associated bit lines 507qa, ..., 507/, ..., 507z and
508a, . . ., 508/, . .. 508n through the MT1J device of the
selected MRAM memory cells 300. The reading and writing
operations using the MRAM sub-array as shown will be
explained hereinafter.

Refer now to FIG. 9 for a discussion of the second embodi-
ment of the MRAM array of this invention. Groups of the of
the MRAM data cell sub-arrays 600 are collected together to
form an upper MRAM array block 605 and a lower MRAM
array block 606. As described in FIG. 8, each of the MRAM
sub-arrays 600 of the upper and lower array blocks 603 and
606 has at least one column pair of MRAM reference cells
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placed centrally each of the within the upper and lower array
blocks 6035 and 606. The columns of MRAM data cells and

the columns of MRAM reference cells of each MRAM sub-
array of the Upper MRAM array block 605 are connected to
the Upper Write Lines 610 and the Upper Read/Write Lines
615. The Upper Write Lines 610 and the Upper Read/Write
Lines 615 are structured and function as described above 1n
FIG. 8. Similarly, the MRAM data cell columns and the
MRAM retference cell columns of the MRAM sub-arrays 600
of the Lower MRAM array block 606 are connected to the
Lower Write Lines 625 and the Lower Read/Write Lines 620.
The Lower Write Lines 625 and the Lower Read/Write Lines
620, also, are structured and function as described above 1n
FIG. 8.

The Upper Read/Write Lines 615 and Lower Read/Write
Lines 620 are connected to the sense amplifiers 630 which
detect the digital data state of the selected MRAM cells of a
column of data cells of a selected MR AM cell sub-array 600.
The column MRAM reference cells of an MRAM cell sub-
array 600 of the opposing upper or lower array blocks 605 or
606 1s applied to the sense amplifier 630 to generate the
reference current used to determine the digital data state of the
selected MRAM cell of the selected upper or lower array
blocks 605 or 606. The digital data as recovered by the sense
amplifiers 630 1s transferred to the data drivers 660 for trans-
fer and the output data 665 to external circuitry. The digital
data may be a single bit, or the digital data may have an eight
bit, sixteen bit, or thirty-two bit digital data width.

The address bus 635 provides a digital address word that 1s
decoded to select the location of the MR AM array containing
the desired digital data. The address bus 635 1s connected to
the word line decoder 650 and the column decoder sections
675a, 675b, 675¢, and 675d. The read/write control line 645
and the clock lines 640 provide the digital timing and control
signals to the control decoder 635. The control decoder 655
provides the necessary timing and control signals to the word
line decoder 650, the column decoder sections 675a, 6755,
675¢, and 675d, and the upper and lower array blocks 605 and
606 to generate the signals for activating a selected MRAM
cell sub-array 600 and 1ts associated MRAM column of ret-
erence cells of the opposing MRAM cell sub-array 600 for
reading the desired digital data or for writing to the selected
MRAM cell sub-array 600.

An example of the control and data flow for reading di gltal
data from an upper MRAM array block 600a of FIG. 9 1s
shown 1 FIG. 10. Referring to FIGS. 8, 9 and 10, the data
columns of the MRAM cell sub-array 600a from the upper
MRAM array block 603 1s selected for retrieving digital data.
When the upper MRAM array block 605 1s chosen the pair of
reference cell columns of the MRAM cell sub-array 6005 of
the lower MRAM array block 606 1s automatically associated
with the selected MRAM cell sub-array 600a from the upper
MRAM array block 605. The column decoder sections 675a,
675b, 675¢, and 675d of FIG. 9 decode the 1 111c0m111g dlgltal
address word to determine the selected pair of bit lines
507a, .. .,507z and 508a, . . ., 508n of the MRAM cell
sub-array 600a from the upper MRAM array block 605 of
FIG. 9. The column decoder section 675¢ of FIG. 9 then
activates the Upper Read/Write Lines 615a and 6155 associ-
ated with the selected MRAM cell sub-array 600a from the
upper MRAM array block 605 and sets the Read/Write Even
Data Column Select Lines 5224, . . ., 522n and Read/Write
Odd Data Column Select Lines 523a, . . ., 523» to activate the
Read/Write Column Select transistor 520q, . . ., 5202 and
521a, . .., 521nto connect the data column 510 of the MRAM
cells of the selected MRAM data cell sub-array 600a to the
Upper Read/Write Lines 6154 and 6155.
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The Word Line decoder 650 decodes the incoming address
word 635 to determine the row of the MRAM cell sub-array
600q from which the digital data 1s to be read. The word line
decoder 650 selectively activates the Read Word Lines 570aq,
57056, . ..,570m-1, 570m of F1G. 8 for the desired row to be
read. As noted above the Read Word Lines 570a, 5705, . . .,
570m—-1, 570m activate the 1solation transistor of each
MRAM cell on the selected row such that the current applied
to the Upper Read/Write Lines 615a and 61356 conducts
through the M1 of the selected MRAM cells. The Column
decoder 6754 deactivates the Write Odd Data Column Select
Lines 537a, . . . 537n» and Write Even Data Column Select
Line 538a, . . ., 538%n to disconnect the Upper Write Lines
610a and 610b of FIG. 10 from the bit lines of the selected
MRAM cell sub-array 600a.

When the word line decoder 650 and column decoder
section 675¢ selects the selected MRAM cell sub-array 6004,
the Column Decoder section 6755 selects the coupled pair of
reference columns of the corresponding MRAM cell sub-
array 60056 in the MRAM block 606. The Read/Write Even
Reference Column Select Line 524a and Read/Write Odd
Reference Column Select Line 5245 are activated to turn on
the Read/Write Select transistors 320/ and 5215 to connect the
bit lines of the selected column of reference cells to the Odd
Read/Write line 620a and the and the Even Read/Write Line
6205 to the columns of the MRAM cell sub-array 6005. The
Word Line decoder 650 activates the selected Read Word Line
570a,57056, ...,570m-1, 570m to turn the 1solation transistor
of the MRAM cells of the selected row of the MRAM cell
sub-array 6005b.

The first selected data column of the MR AM cell sub-array
600a and the first selected reference column of the MRAM
cell sub-array 60056 are respectively connected through the
Upper Read/Write Line 615q and the Lower Read/Write Line
620a to the sense amplifier 650q included in the sense ampli-
fier block 630. Similarly, the second selected data column of
the MRAM cell sub-array 600a and the second selected ret-
erence column of the MRAM cell sub-array 6005 are respec-
tively connected through the Upper Read/Write Line 61355
and the Lower Read/Write Line 6205 to the sense amplifier
6506 included 1n the sense amplifier block 630. The sense
amplifier gating transistors 651a and 653a control the appli-

cation of the voltage developed across the MTJ device of the
selected MRAM cell of the data column of MRAM cells of
the MRAM cell sub-array 600a and the parallel MTJ devices
of the paired reference columns of MRAM cells of the
MRAM cell sub-array 6005 to the sense amplifier 650q.
Correspondingly, the sense amplifier gating transistors 4515
and 453b control the application of the voltage developed
across the MT1J device of the selected MRAM cell of the data
column of MRAM cells of the MRAM cell sub-array 600a
and the parallel M1 devices of the paired reference columns
of MRAM cells of the MRAM cell sub-array 6005 to the
sense amplifier 6505b.

The internal switching bias voltage V,, o, 654 turns the
sense amplifier gating transistors 651a, 6515, 653a, and 6535
on to be 1n deep saturation to keep the source node voltage of
the sense amplifier gating transistors 651a, 6515, 653a, and
6535 at the desired biasing voltage level necessary for the
MTJ devices of the MRAM cells of the MRAM cell sub-array
600q and the MRAM cell sub-array 60056. Each of the Upper
Read/Write Lines 6154 and 6155 are respectively set by the
biasing voltage levels V., ., 654 to a voltage level of approxi-
mately 400 mv to bias the MTJ device of the selected data
MRAM cells and the reference MRAM cells. The biasing
voltage levels causes the sense currents to flow through the bit

lines of the selected data columns of the MRAM cell sub-
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array 600a to the selected row of the MRAM cells. The
resistance of the M'TJ of the selected row of MRAM cells
determines the sense currents.

The Lower Read/Write Lines 620a and 6205 are respec-
tively set to the reference biasing voltage levels. The refer-
ence biasing voltage levels causes the reference currents to
flow through the bit lines of the reference columns of the

MRAM cell sub-array 6005 to the selected row of the MRAM
l1s. The resistance of the MT 1 of the selected row of MRAM

ce
cells determines the reference currents.

Assuming MTJ devices of the first reference column of the
pair of columns of the MRAM cell sub-array 60056 are pro-
grammed to have the free magnetic layer have an opposing
magnetic orientation to the fixed magnetic and thus have a
higher resistance and the M TJ devices of the second reference
column of the pair of columns of the MRAM cell sub-array
6005 are programmed to have the free magnetic layer have an
aligned magnetic orientation to the fixed magnetic and thus
have a lower resistance, the current of the first reference
column has a lower magnitude than the current of the second
reference column. The coupling 580 of the paired reference
columns of the MRAM cell sub-array 6005 causes the refer-
ence currents to be essentially one half of the sum of the
currents or the average of the two currents.

The reference currents act as the reference input currents
for the sense amplifiers 650a and 650b6. The sense currents are
respectively applied to the sense amplifiers 650a and 6505.
The sense amplifiers 650a and 6505 are differential transre-
sistance amplifiers that compare the sense currents with the

reference currents to determine the digital data state of data
MRAM cells at the outputs 6554 and 6355 of the sense
amplifiers 650a and 6505.

The Upper Read/Write Lines 615a and 6155 are discon-

nected from external circuitry by Read/Write gating transis-
tors 610a and 6105 and the Lower Read/ Write Lines 620a and
6205b are disconnected from external circuitry by Read/Write
gating transistors 625q and 6235b. The function of the Read/
Write gating transistors 620a, 6205, 625a and 625b 1is
explained hereinatter.

Retfer now to FIG. 11 for a discussion of reading of selected
MRAM cells within the MRAM array of FIG. 6. An Address
1s decoded (Box 700). The selected location 1s determined
(Box 702). If the selected MR AM cells are 1n the upper block
of MRAM sub-arrays, the Upper Data Block Read/Write
Select Lines are activated (Box 704) to connect the selected
data MRAM sub-array to the sense amplifiers. Simulta-
neously, the Lower Reference Block Read/ Write Select Lines
are activated (Box 706) to connect the Reference MRAM
sub-array to the sense amplifiers. The Upper and Lower Block
Write Select Lines are all deactivated for the process of read-
ing selected MRAM cells. The Upper Data Read Word Line
for the row of the selected MRAM cells are activated (Box
708) to turn on the i1solation transistor of the row of selected
data MR AM cells of the selected sub-array of MRAM cells.
The Lower Reference Read Word Line for the row of the
Reterence MRAM cells associated with the row of selected
MRAM cells of the upper sub-array of MRAM cells are
activated (Box 710) to turn on the 1solation transistor of the
row of selected reference MRAM cells of the selected refer-
ence sub-array of MRAM cells. It should be noted that Ret-
erence Read Word Line and Data Read Word Line are same
line (Read Word Line 263a, 265D, . ..,2635m-1,265m of FIG.
5).

The cell bias for the Upper Read/Write Lines 1s set (Box
712) to bias the MTJ device of the selected data MRAM cells
and the cell bias for the Lower Read/ Write Lines 1s set (Box
714) to bias the MT1 device of the selected reference MRAM
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cells. The sense amplifiers then sense (Box 728) the differ-
ences 1n the current between the selected Data MRAM cells
and the associated Reference MR AM cells. The sense ampli-
fiers are amplifiers that provide a voltage output (Box 730)
that 1s representative of the digital data state of the selected
DATA MRAM cells.

If the selected MRAM cells are 1in the lower sub-array of
MRAM sub-arrays, the Lower Data Block Read/ Write Select
Lines are activated (Box 716) to connect the selected data
MRAM sub-array to the sense amplifiers. Simultaneously,
the Upper Reference Block Read/Write Select Lines are acti-
vated (Box 718) to connect the Reference MRAM sub-array
to the sense amplifiers. It should be noted that Reference Read
Word Line and Data Read Word Line are same line (Read
Word Line 265a, 2655, . . ., 265m—-1, 265m of FIG. 5). The
Upper and Lower Block Write Select Lines are all deactivated
tor the process of reading selected MRAM cells. The Lower
Data Read Word Line for the row of the selected MRAM cells
are activated (Box 720) to turn on the 1solation transistor of
the row of selected data MRAM cells of the selected sub-
array of MRAM cells. The Upper Reference Read Word Line
for the row of the Reference MR AM cells associated with the
row ol selected MRAM cells of the Lower sub-array of
MRAM cells are activated (Box 722) to turn on the 1solation
transistor of the row of selected reference MR AM cells of the
selected reference sub-array of MRAM cells.

The cell bias for the Lower Read/Write Lines 1s set (Box
724) to bias the MTJ device of the selected data MRAM cells
and the cell bias for the Upper Read/ Write Lines 1s set (Box
726) to bias the MT1 device of the selected reference MRAM
cells. The sense amplifiers then sense (Box 728) the differ-
ences 1n the current between the selected Data MRAM cells
and the associated Reference MRAM cells. As described
above, the sense amplifiers are amplifiers that provide a volt-
age output (Box 730) that 1s representative of the digital data

state of the selected DATA MRAM cells.

The sub-array of reterence MR AM cells described 1in FIG.
5 1s programmed after the completion of the fabrication pro-
cess and during the manufacturing testing process. Refer to
FIG. 12 for a discussion of a first embodiment of the method
for programming reference MRAM cells and verifying that
the reference MRAM cells are correctly programmed. The
Data Block Read/Write Select Lines for all the data MRAM
sub-arrays of the upper and lower blocks of sub-arrays are
deactivated (Box 750). The Reference Block Read/Write
Select Lines for all the reference MRAM sub-arrays of the
upper and lower blocks of sub-arrays are similarly deacti-
vated (Box 752). The Reference Block Select Lines and
selected Write Word Lines are activated (Boxes 754 and 756).
The Word Line current i1s forced (Box 758) through the
selected row of the reference MRAM cells to program the
selected row of the reference MRAM cells. The Write Odd
and Write Even Select Lines are activated (Box 760). One
reference bit line of each coupled pair of the reference bit
lines has the bit line current sourced (Box 762) through i1t and
transierred through the coupling to the second reference bit
line of the coupled pair. The bit line current 1s then sunk (Box
764) through the second bit line of the coupled pair.

The bit line current and the word line current flow in
directions that causes a magnetic orientation that sets the
magnetic orientation of the free magnetic layer of the selected
MRAM cells adjoined to the one reference bit line of each
coupled pair of reference bit lines to be aligned with the fixed
magnetic layer causing the MRAM cells to have a lower
resistance. The bit line current and the word line current tlow
conversely set the magnetic orientation of the free magnetic
layer MRAM cells adjoined to the second bit line of the
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coupled bit lines to be opposing the orientation of the fixed
magnetic layer and thus have higher resistance.

The currents are through each of the Write Word Lines and
the Reference bit lines are maintained until the reference
MRAM cells are programmed (Box 766) The reference cells
are verified (Box 768) for programmmg and tested (Box 770)
for completion of programming. If the reference block has not
completed programming, the Write Word Lines are incre-
mented (Box 772) to select each row of the reference MRAM
cells 1n sequence such that each row of reference MRAM
cells 1s programmed. I all the MRAM cells 1n the reference
sub-array are programmed the process 1s ended.

Since programming of the sub-arrays of the reference
MRAM cells, occurs only at the time of the manufacturing
testing process of an MRAM array, an external field may be
used for programming the reference MRAM cells. Refer to
FIG. 13 for a discussion of a second embodiment for an
apparatus and method for programming of reference MRAM
cells of this invention. The method 1s as described in FIG. 12
except forcing (Box 758) the Word Line current through the
selected row of the reference MRAM cells to program the
selected row of the reference MRAM cells 1s replaced by the
placing a controllable magnetic field generator 810 to provide
a magnetic field 815 that 1s oriented and placed at a calibrated
distance from the MRAM array to program the magnetic
layer with the desired magnetic orientation. With the external
magnetic field 815, a single cycle of sourcing (Box 762) the
bit line current to one bit line of the bit line pair, transferring
the bit line current through the coupling and sinking (Box
764) the bit line current through the second bit line of the
coupled pair 1s required for programming (Box 766) the ret-
crence MRAM cells connected to the coupled pair of bit lines.

The controllable field generator 810 provides one 1mple-
mentation of providing an external field 815. An external
magnetic field or fields may be provided 1n various ways to
aid or impede fields generated by the Word Line current and
the Bit Line current.

Reterto FIGS. 7a and 14 for a discussion of the verification
programming of the MRAM reference cells of the MRAM
reference cell sub-arrays 200 as shown in Box 768 of F1G. 12.
The MRAM array 1s fabricated (Box 900) on a substrate and
the reference MRAM cells of the MRAM reference cell sub-
array 200 are programmed (Box 905) as described for F1G. 12
or FIG. 13. The sense amplifiers 400a and 4005 are 1solated
(Box 910) from the Upper Read/Write Lines 315 and Lower
Read/Write Lines 320 via the External Connection gating
transistors 409a, 4095, 409¢, and 4094 by deactivating the

internal switching bias voltage V 5, ,.,412 to turn oif the sense
amplifier gating transistors 405a, 4055, 407a, and 4075. An

external current sensing device i1s connected (Box 915) to
cach of the Upper Read/Write Lines 315 and Lower Read/
Write Lines 320 for measuring the current in each of the bat
lines adjoined to the columns of MRAM cells of the MRAM
reference cell sub-array 200. The external switching bias
voltage V 5., <+ 410 1s activated to turn on the External Con-
nection gating transistors 409q, 40956, 409¢, and 409d. The
Even and Odd Block Read/Write Reference Select Line 220
and 222 are activated (Box 920) to turn on the Block Read/
Write Select transistors 211a, ..., 211z and 212a, .. ., 212#
to connect the bit lines of the bit lines adjoined to the columns
of MRAM cells of the MRAM reference cell sub-array 200 to

the Lower Read/Write Lines 320 (1in this example).

One of the Read Word Lines 265a, 2655, . . ., 265m-1,
2635m connected to the gate of the 1solation transistor of each
of the rows of the MRAM memory cells of the MRAM
reference cell sub-array 200 1s selected activated (Box 9235)
for a selected row to turn on the 1solation transistor. The
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external switching bias voltage V5, , .- 410 sets the Upper
Read/Write Lines 315 and Lower Read/Write Lines 320 to a
voltage level (approx. 400 mv) suificient to bias the MTJ
devices of the MRAM cells of the MRAM reference cell
sub-array 200. The external current sensing device measures
(Box 930) the current flowing through the selected MRAM
cell of each bit line of the MRAM reference cell sub-array
200. Since the columns of the MRAM reference cell sub-
array 200 are pair-wise connected by the coupling 270, the
measured reference currents on each of the Lower Read/
Write Lines 320 are essentially one half of the sum of the
currents or the average of the two currents of the columns.

The address of the Read Word Lines 265a, 2655, . . .
265m—1, 265m 1s examined (Box 935) to determine 11 all rows
of the MRAM reference cell sub-array 200 are completed.
The address 1s incremented (Box 940) to select the next Read
Word Line 2654, 2655, . . .,263m-1, 265m for measuring the
currents of the next row of MRAM cells of the MRAM
reference cell sub-array 200. When all the rows are measured,
the measurements are evaluated to determine if the MRAM
cells of the MRAM reference cell sub-array 200 are pro-
grammed.

While this invention has been particularly shown and
described with reference to the preferred embodiments
thereot, 1t will be understood by those skilled 1n the art that
various changes 1 form and details may be made without
departing from the spirit and scope of the mnvention.

The invention claimed 1s:

1. An MRAM reference cell sub-array programming appa-

ratus comprising:

a fixture for retaining a substrate onto which a substrate
comprising a plurality of MRAM reference cell sub-
arrays in communication with a plurality of sense ampli-
fiers formed on said substrate, said plurality of MRAM
reference cell sub-arrays comprising:

a plurality of MRAM cells arranged 1n rows and col-
umns;

a plurality of bit lines, each bit line associated with a free
magnetic layer of each MRAM cell of a column of the
plurality of MRAM cells, and

a coupling to connect the bit lines of pairs of the columns
of the plurality of MRAM cells together;

a control apparatus in communication with said plurality of
MRAM retference cell sub-arrays for 1solating said plu-
rality of MRAM reference cell sub-arrays from said
plurality of sense amplifiers;

amagnetic field generation device placed in near proximity
to generate a magnetic field having an orientation to a
desired magnetic orientation of said plurality MRAM
cells; and

a free layer programming device for conveying a free layer
programming current 1n a first direction on each bit lines
of the first column of the pairs of columns of MRAM
cells to be transferred through said coupling to each bit
line of the second column of the pairs of columns of

MRAM cells;

wherein a pair of the MRAM cells of said pair of columns
are on a common row of said MRAM cells and a first of
said pair of MRAM cells 1s programmed to a {irst mag-
neto-resistive state and a second of said pair of MRAM
cells 1s programmed to a second magneto-resistive state
such that when one row of MRAM cells are selected for
read, said pair of MRAM cells are placed 1n parallel to
generate said mid-point reference current.
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2. The MRAM reference cell sub-array programming
apparatus of claim 1 further comprising;
a write word line current generator for conveying a write
word line current generator 1n a second direction on
selected word lines associated with rows of said MRAM
cells.
3. The MRAM reference cell sub-array programming
apparatus of claim 1 wherein at the completion of the pro-
gramming of each of the plurality of MRAM reference cell
sub-arrays, the free layer programming device terminates the
free layer programming current and the control device recon-
nects each of the plurality sense amplifiers to communicate
with each its associated column of plurality of MR AM refer-
ence cell sub-arrays.
4. The MRAM reference cell sub-array programming,
apparatus of claim 2 wherein at the completion of the pro-
gramming of each of the plurality of MRAM reference cell
sub-arrays, the free layer programming device terminates the
free layer programming current, the write word line current
generator terminates the write word line current, and the
control device reconnects each of the plurality sense ampli-
flers to communicate with each 1ts associated column of plu-
rality of MRAM reference cell sub-arrays.
5. A method for programming reference MRAM cells
within a sub-array of rows and columns of MRAM cells,
comprising the steps of:
providing a substrate;
forming a plurality of MRAM reference cell sub-arrays in
communication with a plurality of sense amplifiers
formed on said substrate, said forming the plurality of
MRAM reference cell sub-arrays comprising the steps
of:
forming a plurality of MRAM cells to be arranged 1n
rows and columns;

forming a plurality of bit lines such that each bit line 1s
associated with a free magnetic layer of each MRAM
cell of a column of the plurality of MRAM cells, and

forming a coupling to connect the bit lines of pairs of the
columns of the plurality of MRAM cells together;

retaining said substrate on a fixture;

1solating selected columns of MR AM cells from associated
sense amplifiers;
selecting a pair of the MRAM cells on one pair of columns
on a common row of saiad MRAM cells;
programming a first of said pair of MRAM cells to a first
magneto-resistive state and a second of said pair of
MRAM cells to a second magneto-resistive state;
reading one row of MRAM cells by placing said pair of
MRAM cells 1n parallel to generate said mid-point ret-
erence current;
wherein programming the first of said pair and the second
of said pair of MRAM cells comprises the steps of:
generating a magnetic field having a desired magnetic
orientation to program free magnetic layers of said
selected pair of the MRAM cells,
placing said magnetic field 1in near proximity to said
substrate to program selected pair of the MR AM cells,
and
conveying a Iree layer programming current on each bit
line of said selected pair of the MRAM cells to pro-
gram the free magnetic layers of said selected MR AM
cells.
6. The method for programming reference MRAM cells of
claim 5 further comprising the step of:
conveying a write word line programming current on each
word line associated with a row of said selected pair of
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the MRAM cells to program the free magnetic layers of 8. The method for programming reference MRAM cells of
said selected pair of the MRAM cells. claim 6 further comprising the step of:

at the completion of the programming of each of said
selected pair of the MRAM cells, terminating the free
5 layer programming current;

7. The method for programming reference MRAM cells of
claim 5 further comprising the step of:

at the completion of the programming of each of said S . . . .
. | . terminating said write word line programming current; and
selected pair of the MRAM cells, terminating the free . . :
layer programming current; and reconnecting each of the plurality sense amplifiers to com-
’ municate with each bit line of each column of said

reconnecting each of the plurality sense amplifiers to com- selected pair of the MRAM cells.
municate with each bit line of each column of said

selected pair of the MRAM cells. * % % ok ok
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